On-site diagnosis of plant diseases can be a useful tool for growers for timely decisions enabling the earlier implementation of disease management strategies that reduce the impact of the disease. Presently in many diagnostic laboratories, the polymerase chain reaction (PCR), particularly real-time PCR, is considered the most sensitive and accurate method for plant pathogen detection. However, laboratory-based PCRs typically require expensive laboratory equipment and skilled personnel. In this study, soil-borne pathogens of potato are used to demonstrate the potential for on-site molecular detection. This was achieved using a rapid and simple protocol comprising of magnetic bead-based nucleic acid extraction, portable real-time PCR (fluorogenic probe-based assay). The portable real-time PCR approach compared favorably with a laboratorybased system, detecting as few as 100 copies of DNA from Spongospora subterranea. The portable real-time PCR method developed here can serve as an alternative to laboratory-based approaches and a useful on-site tool for pathogen diagnosis.
Introduction
Accurate and rapid identification of causative pathogens significantly impacts decisions regarding plant disease management. Soil-borne diseases are particularly difficult to diagnose because the soil environment is extremely large relative to plant mass, and complex, making it a challenge to understand all the aspects of soil-borne diseases. Moreover, soil-borne diseases can be symptomless during early infection stages, dependent on environmental stressors, and some have long latent periods that result in delayed diagnoses 1 . Many soil-borne pathogens have developed survival structures, such as specialized spores or melanized hyphae, which can survive in the soil for many years even in the absence of their hosts. Utilized approaches for soil-borne disease management include: avoiding known infested fields, using pathogen-free certified seeds and seedlings, keeping equipment sanitary, and restricting the movement of soil and water when possible. Knowledge of the pathogen presence through molecular detection strategies can also play a useful role by informing timely decisions regarding early-stage treatments or pre-plant assessments of the fields. On-site testing provides additional advantages of providing a rapid result without sending the sample to a diagnostic laboratory that maybe some distance away and also can engage the grower if such a diagnostic is performed 'field-side' in their presence.
For on-site diagnosis based on molecular detection, sensitivity, specificity, robustness (repeatability and reproducibility), and efficiency (i.e., simplicity and cost performance) are crucial factors for consideration. Lateral flow devices (LFDs) such as the Immunostrip and PocketDiagnostic, are popular methods for on-site pathogen detection because of their simplicity as a one-step assay. However, LFDs may not be the right diagnostic tool in all situations because they lack the sensitivity and specificity, and occasionally provides ambiguous results if the target pathogen is in low concentrations and can cross-react with similar species or genera 2 . Loop-mediated isothermal amplification (LAMP) is also applicable for on-site pathogen detection and is particularly inexpensive due to low-cost reagents, reaction conditions that remain constant, and simple colorimetric visual analysis. However, both LFDs and LAMP are typically used qualitatively, although both approaches can be used quantitatively with more expensive equipment 3 . The polymerase chain reaction (PCR) offers high specificity, high sensitivity, and a quantitative capability in comparison to the aforementioned methods of detection. However, the conventional lab-based PCR technology requires expensive laboratory equipment and skilled personnel, which is a major disadvantage in adopting this technology as a detection method for onsite purposes.
In this protocol, an on-site diagnostic method using a portable real-time PCR instrument is demonstrated. Real-time PCR technology offers advantages over other methods in terms of quantitative accuracy, sensitivity, and versatility, and has been widely used for the detection of a broad range of plant pathogens 4, 5 , including various potato pathogens in soil 6 . Because of the recent trends of the fast-growing, competitive market, equipment required for PCR technology has continued to develop to be more compact and less expensive Using the portable PCR protocol developed here, soil samples were analyzed to detect the soil-borne pathogen, Spongospora subterranea. Spongospora was chosen as it is an important potato pathogen as the causal agent of powdery scab 8 . In recent decades, the presence of this disease is considered to have spread to many regions where potatoes are grown 9, 10 . Powdery scab, through the presence of pimple like lesions on the tubers can cause considerable qualitative yield losses to potato growers. In addition, S. subterranea can vector Potato Mop Top Virus (PMTV), which can cause internal lesion symptoms in tubers (known as spraing) 11, 12 . Therefore, it is important to know if S. subterranea is present in fields prior to planting 6 . We also demonstrate the usefulness of this protocol for the detection of Rhizoctonia solani Anastomosis Group 3 (AG3) and PMTV. Although several anastomosis groups of Rhizoctonia solani cause diseases in potatoes, AG3 is arguably the most important worldwide 13 , causing stem canker and black scurf resulting in marketable yield losses of up to 30% 14 . PMTV causes necrotic lesions within the tubers, which are commonly called spraing. This virus has recently been reported for the first time in several states in the Pacific Northwest 15, 16, 17 , and is of increasing concern to growers in this important potato growing region. In addition to determining the effectiveness of portable PCR for these important diseases, optimum DNA extraction methodology and soil sample size were also investigated in this study.
The results suggest that the portable PCR method is versatile and applicable for the detection of different pathogens. The on-site detection method we developed can allow the frontline workers in agriculture (e.g., growers) to make earlier decisions regarding disease management, such as variety selections or rotations, and can quantify a plant pathogen in the sample during a field survey, prior to planting, to avoid potential disease outbreaks. at ambient temperature for 5 min away from the magnetic tube rack. Note: Make sure to mix the bead solution well before use to ensure that the beads are aliquoted evenly from the storage bottle. 6. Place the microtube on the magnetic tube rack. Wait at least 2 min or until all the beads in the microtube attach to the magnetic-side wall. Then, remove and discard all of the supernatant by pipetting. Note: Do not disturb the magnetized beads while removing and aspirating the supernatant. DNA has now been captured by the magnetic beads. 7. Remove the microtube from the magnetic tube rack, add 500 µL of Wash Buffer-1 (Bottle No. 4: sodium perchlorate/ethanol solution) and re-suspend the beads by repeated pipetting until the beads are uniformly dispersed. Perform this washing step to remove protein and salt from the sample. Let the mixture sit for 30 s. 8. Repeat step 1.1.6. 9. Remove the microtube from the magnetic tube rack, add 500 µL of Wash Buffer-2 (Bottle No. 5: sodium perchlorate/ethanol solution) and re-suspend the beads by repeated pipetting until the beads are uniformly dispersed. Let the mixture sit for 30 s. 10. Repeat step 1.1.6. 11. Remove the microtube from the magnetic tube rack and then add 500 µL of 80% ethanol (Bottle No.6).
Note: This step is necessary for the removal of residual salts from the sample. 1. Re-suspend the beads by repeated pipetting until the beads are uniformly dispersed. Let this stand for 10 min with occasional mixing by inversion.
12. Repeat step 1.1.6. 13. Air dry the magnetic bead pellet for 10 min at ambient temperature with the microtube lid open. Note: The beads should be free from any visible residual ethanol but not completely dried out. 14. Remove the microtube from the magnetic tube rack, add 50-200 µL of Elution Buffer (Bottle No.7) and re-suspend the beads by repeated pipetting until the beads are uniformly dispersed and let it stand for 30 s. Note: In the above steps, the purified DNA is released from the magnetic beads into the elution buffer. 15. Place the microtube on the magnetic tube rack. Wait at least 2 min or until all the beads in the microtube attach to the magnetic-side wall. 16 . Transfer the supernatant that now contains the purified DNA/RNA to a 0.5 mL microtube for use in the downstream steps.
Note: A portable thermocycler and the PCR assay kit were used according to the manufacturer's instructions (see the Table of Materials).
1. Open and run the thermocycler-associated software, select Target detection test and input all the description information into the Name & Details, Notes, Samples, and Tests data entry fields. Note: Wells #1 and #2 are designated by the software for the negative control and positive control, respectively. 2. Prepare PCR reagents prior to use. Transfer 500 µL of the master mix re-suspension buffer into the tube containing lyophilized master mix and mix well by inversion. Transfer the entire master mix into the brown microtube labeled primers/probe ( Table 2 ). 1. Cap and shake the microtube to mix. Thorough mixing is required to ensure that all components are re-suspended completely. Let this mixture sit for 5 min before use. Note: Store the reaction mix at -20 °C after use.
3. Prepare a negative control by transferring 10 µL of the prepared reaction mix from the previous step into a 0.2 mL PCR tube and then add 10 µL of sterile nuclease-free deionized water. 4. Prepare a positive control by transferring 10 µL of the prepared reaction mix from the step 1.2.2 into a 0.2 mL PCR tube and then add 10 µL of positive control template. 5. For each sample, transfer 10 µL of the prepared reaction mix from the previous step into a 0.2 mL PCR tube, and then add 10 µL of sample DNA prepared from step 1.1.16. 6. Load the wells of the thermocycler with the contents from their respective PCR tubes as described in step 2.1.1. 7. Once all the necessary information has been entered and confirmed, select Start Run and choose either the ethernet-connected instrument or a USB drive. Note: If the USB drive option is selected, the run file must be saved on the drive to be used with the thermocycler (e.g., F:\genesig). The run will begin immediately after the drive is inserted into the thermocycler. 3. Homogenize the sample with a bead beater homogenizer for 60 s (or by using a mortar and pestle). 4. Centrifuge the sample at 14,000 x g for 5 min. 5. Transfer 500 µL of supernatant to a fresh microtube and then mix with 500 µL of chilled isopropanol. Mix by inverting the tube 10 times. 6. Centrifuge the sample at 14,000 x g for 15 min to pelletize the DNA. 7. Decant the supernatant and let the DNA pellet air dry at room temperature until the remaining ethanol has evaporated. 8. Wash the DNA pellet with 750 µL of chilled 70% ethanol. 9. Air dry the pellet before re-suspending in 50-100 µL of TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA).
Other protocols

Other Alternative methods
1. Perform Silica-base DNA extraction using kit #1 (MP BIO Fast DNA Spin) and kit #2 (Zymo BIOMICS DNA Miniprep Kit) according to the manufacturers' instructions.
Conventional lab-based real-time PCR.
Note: A conventional thermocycler was used with mastermix for probe-based PCR, various primers and oligonucleotide probes ( Table 2 ).
1. Using non-transparent bottomed PCR tubes or a PCR plate, prepare 20 µL reactions for all DNA samples to be analyzed, as well as a negative control (nuclease-free deionized water) and a positive template control prepared in-house. 2. For each PCR tube or well, prepare a mixture including 10 µL of the mastermix, 7 µL of nuclease-free deionized water, 2 µL of 2 µM primers/probe, and 1 µL of DNA sample (from step 1. 4 . View the data on the quantification tab; this can be exported for data analysis with a third-party software such as CSV, XML, or HTML file readers. 5. Obtain Cq data based on the determined thresholds and compare it with the positive and negative controls.
Note: If the DNA standards of the target were used in the assay, compare the sample Cq data to that of the standards to determine the Cq cut-off
Representative Results
Comparison of DNA extraction methods
The compatibility of a magnetic bead-based DNA extraction method with real-time PCR was evaluated by detecting the amounts of S. subterranea DNA in a soil sample from fields infested with the pathogen. As shown in Supplemental Figure 1 , the magnetic bead-based method was compared with the other methods including a CTAB-phenol-chloroform based method 18 , quick DNA mini-preparation methods 19, 20 , and other standard silica-based DNA extraction kits. DNA samples extracted using the six different methods were subjected to conventional labbased real-time PCR. The results suggested that the magnetic bead-based method is comparable with the other methods, although silicabased DNA extraction kit showed the best performance among the methods we tested. All kits contain guanidinium thiocyanate or guanidinium hydrochloride: both are powerful chaotropic agents, which denature most of cellular proteins including RNases and DNases. Therefore, using the methods is suitable for both DNA and RNA extractions.
Comparison between a portable real-time PCR and a conventional lab-based real-time PCR
To compare the sensitivity and specificity of a portable PCR to a conventional lab-based PCR, absolute quantification of the pathogen DNA was performed using different amounts of the S. subterranea ITS gene, which was carried by the pGEM-T vector 21 . A series of 10-fold dilutions of the ITS gene (10 6 to 10 0 copies) were analyzed using the SsTQ primers/probe set 22 . The results demonstrated that the portable PCR method detected the target pathogen DNA (~100 copies), although the sensitivity was 10 times lower than that of the conventional lab-based PCR method, which detected at least 10 copies (Figure 2) . , and 10 0 sporosori/g dry weight of soil. The DNA samples were used for PCR using the SPO primer/probe set 23 . The results showed that the portable PCR method has comparable analytical capability to a conventional lab-based PCR method but, again, the sensitivity was reduced by a factor of ~10 (Figure 3 ).
Finally, we tested a soil sample from a field that was naturally contaminated with S. subterranea. The magnetic bead-based DNA extraction was performed on different amounts of soils (10, 20, 50 and 100 mg of soil per 500 µL of extraction buffer solution). The results suggested that the optimal weight of soil as a starting material for the DNA extraction was 50-100 mg (Figure 4) . Soil amounts outside the range caused a failure of the downstream PCR steps. This effect might be because when excess amounts of soil are used as starting material, contaminations (e.g., phenolic compounds) can interfere with the PCR 24 . In the case of lower volumes of soil, the amount of extracted DNA may be lower than the detection limit of PCR (e.g., the yield of total DNA extracted from 10-20 mg soil was varied). Sensitivity was quite comparable between the portable PCR and conventional PCR methods. Similar results were obtained in DNA samples by different extraction methods (Supplemental Table of Materials for all kit names), silica-based kit #2, and magnetic bead-based kit, repsectively. PCR was performed using the conventional lab-based PCR thermocycler. Standard curves represent the relationship between the amount of total DNA extracted from the soil samples and the amounts of PCR product amplified by the SsTQ primers/probe set. Please click here to download this figure.
Supplementary Figure 2.
Comparison of the limit of detection between a portable PCR and a conventional lab-based PCR. Total DNA was isolated from a soil sample using three different extraction methods: (A, B) Doyle method, (C, D) the silica-based kit #2, and (E, F) the magnetic bead-based kit. Graphs shown on the left are data using the portable thermocycler with the Sss primers/probe set, while the graphs on the right represent data generated using the conventional lab-based thermocycler with the SsTQ primers/probe set. Please click here to download this figure.
Discussion
As shown in Table 1 , recent technological advances in the molecular identification of pathogenic agents have increased the efficacy, accuracy, and speed of diagnosis, which have contributed to the detection of pre-symptomatic infections 27 . Regarding on-site diagnosis, LAMP and lateralflow methods are frequently used because they are portable and provide immediate results at a lower cost. However, in the case of serological methods, species-specific detection can be hard to achieve. This occasionally causes misdetection of off-target microbes such as common soil inhabitants. For example, there can be cross reactivity between the serological tests of Phytophthora spp. and Pythium spp. in the case of potato pathogens 28 , indicating that there are sometimes difficulties detecting the targeted plant pathogens.
In the present study, we have developed an optimized protocol for on-site molecular detection of soil-borne potato pathogens using the portable real-time PCR system by comparing its capabilities with that of a conventional lab-based real-time PCR system. We found that the on-site method specifically detects the potato pathogens in the soil sample, although sensitivity is ~10 times lower than that of an equivalent labbased assay. It is also worth considering that in this case both the laboratory and field test did not use a biologically relevant sample size. Large sample sizes are required for use in routinely screening field soils as previously described 29, 30 , where sample sizes of between 250 g to 1 kg are processed, although these methods require skilled operators and sophisticated equipment to extract DNA. Typically, a large-scale soil DNA extract is taken from a single aggregate soil sample representative of numerous subsamples over 1 to 4 hectares 6, 29, 30 . However, the protocol developed here is quick, easy-to-use for users with no prior experience in molecular diagnostics and can be used outside of a lab. As the method is rapid and relatively cheap compared to large-scale soil extraction, it could be used to screen many small-scale samples taken from a similar sampling area to large-scale aggregate samples. This could overcome some of the deficiencies of a small sample size and determine additional information on the spatial distribution of the pathogen in the field. In addition, the portability and speed of the method means that it can also be used in demonstration activities to growers for educational and engagement purposes.
. This system can make use of these existing assays without the need to design new LAMP primers to enable in field testing. A frequent criticism of LAMP assays is that they can be difficult to design 31 . Portable PCR, therefore, allows the relatively easy implementation of a wide range of readily available pathogen tests for on-site testing.
Traditional methods can be often costly, laborious, inaccurate, and time-consuming. The simplicity of the on-site method we developed allows growers and industry workers to perform pathogen detection by themselves and perhaps generate a result much quicker than sending to a diagnostic laboratory that could be some distance away. The promptness and sensitivity of the portable PCR method can help growers avoid potential secondary infections, which can further increase of the pathogen population and inadvertent spread (via equipment or humans).
In conclusion, the on-site method developed in the present study enables accurate and relatively sensitive detection of important soil-borne pathogens in the field. Our hope is that the on-site method developed in this study will contribute in a current diagnostic pipeline (Figure 6) , not only by providing quick and accurate answers to epidemiological questions about plant diseases in the field but also by providing increased understanding of the biology and epidemiology of plant pathogens.
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